ALPHA is an international project that has recently begun experimentation at CERN's Antiproton Decelerator (AD) facility. The primary goal of ALPHA is stable trapping of cold antihydrogen atoms with the ultimate goal of precise spectroscopic comparisons with hydrogen. We discuss the status of the ALPHA project and the prospects for antihydrogen trapping.
Introduction
Antihydrogen, an atomic bound state of an antiproton and a positron, represents the simplest system of atomic antimatter, and is an ideal system for testing symmetries between matter and antimatter. The first atoms of antihydrogen were observed at relativistic velocities [1, 2] , such that precision measurements of its properties were not possible. Cold antihydrogen atoms were first produced and 4 detected in the ATHENA experiment in 2002 [3] . This was followed by a similar observation by the ATRAP collaboration [4] . Since then, rapid progress has been made in this emerging field [5] . A next major goal is stable trapping of cold antihydrogen atoms. In order to probe matter-antimatter symmetry with the highest possible precision using antihydrogen, it is essential that the anti-atoms be suspended in vacuum to allow detailed studies. The new ALPHA apparatus was designed and built to do just that. In this paper, we give a general overview of the ALPHA experiment, together with some of the results obtained during the collaboration's first AD runs in 2006. 1 
Motivation for trapped antihydrogen
One of the prime physics motivations for antihydrogen studies is tests of CPT invariance. The combined operation of Charge-conjugation, Parity, and Time reversal is believed to be an exact symmetry of Nature, due to the existence of the CPT theorem [6] . However, the assumptions of this theorem may not be valid at some very high energy scale, or equivalently at very short distances. For example at the Planck scale, where the gravitational interaction becomes important, possibilities exist for CPT violation [7, 8] . Therefore, achieving experimental sensitivities necessary to probe Planck scale physics is a benchmark for any CPT test.
So where is the best place to look, to see violation of CPT invariance? Given, unfortunately, that there exist no accepted fundamental theories predicting the magnitude and the pattern of CPT violation, one may consider two approaches; either strive to achieve the highest possible energies, or the highest possible precision. On the high energy front, CPT and Lorentz invariance violations are searched for, e.g., in high energy cosmic rays [7, 8] . Clearly, the spectral comparison of hydrogen and antihydrogen belongs to the precision category, together with other existing tests with elementary particles such as neutral K mesons [9] . Properties of atomic hydrogen, such as the 1s-2s optical transition frequency, and the ground state hyperfine splitting, are some of the most 1 Some of the results presented here were obtained after the TCP06 conference, but are included for completeness. 5 precisely measured quantities in nature. Hence they offer challenging targets for antihydrogen measurements, with which, ultimately, Planck scale sensitivity could be expected [10, 11] . It is worth noting that CPT violation may be responsible for the cosmological asymmetry between matter and antimatter [12] [13] [14] [15] .
ALPHA Overview
ALPHA is an ambitious project, with a demanding schedule, in which it has been necessary to construct much of the apparatus from scratch. The exception is the positron accumulator, which was inherited from ATHENA [16] . Tremendous ALPHA consists of an ATHENA-type versatile Penning trap, with a superimposed magnetic trap for neutral anti-atom trapping [17] . The latter comprises a magnetic configuration which has a three-dimensional minimum which can trap neutral (anti)atoms via the magnetic interaction B r r ! " µ , where µ r is the magnetic moment of the (anti)atoms and B r is the magnetic field. If antihydrogen atoms can be created inside this apparatus with low enough speeds, they can be trapped magnetically. The trapping depth, U, for ground state antihydrogen is given by:
where !B is the difference between the minimum and maximum fields in T. This means that it is necessary to produce antihydrogen with kinetic energies equivalent to Kelvin-scale temperatures, since !B cannot be made more than a few T with the present superconducting technology (especially for radial confinement).
The magnetic field minimum required for atom trapping can be achieved using a combination of a multipolar field for radial confinement and a pair of coils that provide a mirror field for axial confinement. The trapping field !B in Eq. (1) is given, for the axial direction, by !B z = B m , where B m is the strength of the mirror field. On the other hand, for the radial direction, it can be written:
where B s is the field strength of a solenoid used for charged particle trapping, and B r is the radial field strength.
The importance of using a small background field B s is illustrated in Fig.   1 , where the normalized trapping depth is plotted as a function of the axial background field, for radial fields of 0.6 T, 1.2 T, and 1.8 T. As can be seen, reducing B s from 3 T to 1 T will result in an increase of the trapping depth by more than factor of 2 for the same radial field. However, if only one solenoid magnet is used, the reduced B s results in a reduced efficiency for trapping antiprotons. As can be seen in Fig. 2 , the antiproton trapping efficiency achieved by ALPHA at 1 T is nearly an order of magnitude smaller than that at 3 T.
In order to solve this dilemma, ALPHA has adopted a two-solenoid approach ( Fig. 3) , where a high efficiency of antiproton trapping is achieved in a 3
T region, while a lower background field of 1 T is maintained in the trapping region to maximize, as far as is practical, the trapping depth for the neutrals. We have recently shown that antihydrogen can be produced in the 1 T (but radially uniform) background field [18] .
Antimatter plasmas in an octupole trap
A major challenge which needs to be overcome before antihydrogen can be trapped is to reduce the influence of the strongly non-uniform radial magnetic field on the trapped charged particles. Obviously, the antiproton and positron clouds need to be trapped long enough for antihydrogen to be formed efficiently.
Conventional neutral atom traps achieve radial confinement using quadrupolar magnetic fields. However, the stability of trapped charge particles in the presence of those fields has been the subject of controversy. In recent measurements, Fajans et al. have reported a large loss of charged particles in the presence of a strong quadrupolar field, and identified an important particle loss mechanism partly responsible for this instability, known as ballistic loss [19] . In this process, particles that have radii greater than a certain critical radius r c (see [19] ) follow magnetic field lines which intercept the trap walls, and are lost immediately. In ALPHA, we have adopted an octupolar field configuration to alleviate these losses. Fig. 4 
ALPHA antihydrogen detector
Currently a new imaging detector for detection of antihydrogen is being constructed to facilitate the unambiguous identification of trapped antihydrogen.
Antihydrogen annihilation events will be detected by reconstructing the trajectories of the charged particles (mostly pions) produced by antiproton annihilations via position sensitive silicon strip detectors. A similar detector has been used for imaging antiproton annihilations in ATHENA [22] , but the conditions imposed by the requirements for the neutral trap are more stringent. In order to achieve the maximum trapping depth for the neutrals, we must have the octupole magnet as close as possible to the trap electrode wall. This necessitates that the detector be placed outside the superconducting magnet and the cryostat.
The challenges in this configuration include increased multiple scattering of the pions, and a large distance between the annihilation point and the first layer of the detector, both resulting in a degraded position resolution. Detailed studies show that these challenges are manageable by having sufficiently fine pitches in the silicon strip detectors [23] . In addition, the increased trap size of ALPHA, about a factor of two larger in radius than used by ATHENA, requires a larger detector area. Figure 7 illustrates expected annihilation images with the ALPHA detector from detailed GEANT Monte Carlo simulations, which include a realistic geometry, antiproton annihilation branching ratios, and a vertex reconstruction algorithm based on helix fitting to charged tracks in the magnetic field [23] .
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Physics with trapped antihydrogen
Once antihydrogen is successfully trapped, a number of possibilities for new measurements would become available. One of the most promising measurements is 1s-2s two photon spectroscopy, which is a prime goal of ALPHA. Here, let us discuss another possibility, ground state hyperfine spectroscopy in a high magnetic field. Note that a hyperfine measurement in a low field has been proposed with an atomic beam method [24] .
The energy levels of (anti)hydrogen atoms in a magnetic field, given by 
where ! " is the antihydrogen hyperfine splitting at zero field, B µ the Bohr magneton, and + e g the positron g-factor in the antihydrogen atom. The difference (" ad -" bc ) = ! " will give a measure of the antihydrogen hyperfine splitting, which is directly proportional to the antiproton magnetic moment. The latter is only known with 0.3% accuracy [9] . Therefore a measurement of ! " with a precision of 0.1% or better would already constitute a significant CPT test of the magnetic properties of an anti-baryon. The sum (" ad + " bc ) will give the value of the positron bound state g-factor, which has never been measured due to the lack of stable positronic atoms.
Experimentally, microwave spectroscopy of magnetically trapped neutral atoms has been demonstrated by Pritchard's group [25] , but many technical 9 challenges need to be overcome for antihydrogen. These include the higher magnetic field non-uniformity, the presumably higher kinetic energy of the antiatoms and their as yet unknown quantum state distributions, to name a few.
However, demonstrating microwave resonant ejection would already be already a substantial technical achievement, and if the spectroscopy is successful, it will
give important information on an anti-atomic system.
Summary and outlook
We have given an overview of the ALPHA project. Good progress has been made in the first year of ALPHA, and several important milestones have been achieved.
A new imaging detector will be installed in 2007. We are hopeful that exciting results will emerge from the ALPHA experiment in the coming years. 
